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Spatial information technology such as global positioning systems is rapidly being applied in agriculture. Known as precision agriculture, site-specific farming, or variable-rate technology, this technology collects and analyzes data for alternative locations, thereby permitting management decisions to vary by location. The technology recognizes the spatial variability inherent in most agricultural production processes. For example, in crop production, soil fertility can vary significantly within a field so that the typical nutrient management strategy of applying a single rate of fertilizer will result in areas that are either under-or overfertilized. Variable-rate technology allows farmers to apply the optimal rate for each location in the field, thereby improving efficiency in fertilizer use and potentially significantly decreasing residual nutrient loadings.
The question surrounding whether the potential increase in gross returns and reduction in fertilizer expenses is sufficient to cover the investment costs of adopting variable-rate technology (VRT) remains unanswered. Previous studies on the profitability of site-specific fertilizer management, as reviewed by Lowenberg-DeBoer and Swinton, are inconclusive. Many of the previous studies focused on the means of obtaining the fertility map and have not adequately considered all application and investment costs associated with VRT. In addition, previous studies have used experimental or farm-level data, making it difficult to assess the viability of the approach in other farm conditions. Without considering all revenues and costs of actual application methods and under a variety of conditions, previous studies have not been able to generate results transferable to many interested in this new technology. The general relationship between field fertility characteristics and the feasibility of VRT is particularly important since the profitability of adopting VRT depends largely on the magnitude of withinfield variation (Sawyer) .
The purpose of this study is to assess the economic feasibility of variable-rate technology in the application of nitrogen fertilizer to corn. Three different fertilizer application systems (constant rate, three-rate, and multiplerate) are compared under different probability distributions for field fertility. The article begins by characterizing the trade-off between efficiency gains from optimal site-specific fertilizer application (increased yields and/or reduced fertilizer costs) and the increased costs of alternative application systems. In addition, it is shown that the optimal application method depends on the parameters of the soil fertility distribution. The method for calculating revenues and costs for each of the three fertilizer application systems is then described, followed by presentation of the results. Revenues involve determining the optimal nitrogen application rate and yield at each location in a hypothetical field where the fertility values are generated from a given probability distribution following a first-order autoregressive process. Annualized costs are calculated for all relevant information and application costs of each method. The simulation model used for the calculation of optimal rates and costs for each application method under alternative field fertility distributions represents a significant contribution beyond past studies which have used a partial budget analysis for a specific aspect of VRT under a given field situation. The empirical model focuses on corn production in Ontario but the results are generalizable to other corn-growing regions. Sensitivity of the net benefits to changes in variables such as application area and years of useful life is also examined. The article concludes with an analysis of the environmental impact of VRT.
Conceptual Model
Fertility can vary substantially within a field and variable-rate technology attempts to determine the optimal rates of fertilizer application for each area. The area over which a single rate is applied is referred to as a management unit. The benefits of site-specific fertilizer application, or management units smaller than a whole field, increase with the spatial pattern and scale of variation of fertility within a field. However, so do information and application costs associated with the ability to recognize and place differential rates.
The trade-off between benefits and costs for alternative management strategies is illustrated in figure 1. The horizontal axis indicates the number or size of the management units for which fertilizer is applied on a hypothetical field consisting of a single strip the width of the fertilizer applicator. Number and size of the management unit are denoted by N and S, respectively. The typical approach has been to assume there is a single management unit for the whole field. With this method, NcR script CRT indicates that a single, constant rate is applied on the whole field. Moving along the horizontal axis is associated with breaking up the field into smaller management units starting from the whole field to the smallest possible management unit under present technology, which is presently 1.5 m in length. This multiple-rate application system is denoted in figure 1 by the VRT subscript. The number of management units under this technology will thus be the field length divided by 1.5 m (NvRT) and SVRT = 1.5 m. A third application system is also considered in this study where the farmer subjectively selects from three discrete application rates. The size and number of management units under this three-rate option are denoted in figure 1 by S3RT and N3RT, respectively, where (N3RT = FL/S3RT).
Fertilizer efficiency increases as the number of management units increases since a more precise amount of fertilizer can be identified for locations in the field. The increases in fertilizer efficiency or returns to information and application costs are nondecreasing (nonincreasing) in management unit number (size) by definition. The concept is illustrated in figure 1 for two fields with differing soil fertility distributions. Both are assumed to have the same average fertility but field A represents a relatively homogeneous field while spatial variability in fertility is greater in field B. The change in gross revenues less fertilizer costs increases with the number of management units but the extent of the efficiency gain is higher in field B for a given management unit size. The greater increase in profits exclusive of system costs in field B as compared to field A is due to the greater degree of heterogeneity in field fertility. Therefore, greater benefits arise from breaking the field into smaller management units. Note that the efficiency gain curve in figure 1 is horizontal for a field with the same level of fertility throughout. The intercept of the curve is represented by the increase in returns from applying a constant fertilizer rate less the actual fertilizer costs (not including application costs). This intercept, EGcRT in figure 1, increases with decreases in the average level of field fertility.
Decreasing the management unit size not only increases the benefits of higher yields, lowers fertilizer costs, or both, but it also increases the information and application costs since more complex technology is required to handle a smaller management unit area. These information and application costs of the three application scenarios examined in this study [the conventional constant rate approach (CRT), a three-rate option (3RT) and multiple-rates (VRT)] are shown, respectively, in figure 1 as CCRT, C3RT, and CVRT.
The optimal management unit size among the three possible application methods is where the difference between the efficiency gains from fertilizer and the costs of information and application is maximized. With the typical approach of applying a single rate across the whole field, efficiency gains from applying fertilizer using a constant rate as compared to not applying any fertilizer (EGcRT) are greater than CCRT for both fields illustrated in figure 1. Note that the efficiency gain from a constant application rate method is the same for both fields since average fertility is assumed equal (EGART = EGBRT). Net returns with both three-rate and multiple-rate application systems are negative on the more homogeneous field A (0 > EGRT -C3RT > EGRT -CVRT), implying that only the constant rate method is economically feasible. In contrast, all three application scenarios generate positive returns on field B, but the difference between efficiency gains and the costs of information and application is largest for the three-rate method (EGRT, -C3RT > EGBRT -CVRT > EGBRT -CCRT> 0). Thus, the optimal management unit size is the whole field in which a constant fertilizer rate is applied for field A while the optimal application system for field B is the three-rate method with an associated management unit size of S3RT. The cost of breaking up the field into smaller management units is justified for the field with more spatial variation.
The fertilizer application method generating the highest net returns was conceptualized in figure 1 for two fields in which the spatial variability of soil fertility differed. Not only the variance of the distribution but also the mean and autocorrelation of soil fertility values should be considered when examining the optimal application technology. Changes in average fertility will shift the efficiency gain curve in figure 1 and, thus, the potential net returns to an application system will adjust. The analysis of variable-rate application systems should also account for the extent of correlation in fertility. For example, if two fields have the same soil fertility variance, the degree of precision that is economically feasible will be less for the field in which the fertility values are clumped together (high correlation) than for the field in which the fertility values are scattered. Thus, net returns to an application system will depend on several parameters of the fertility distribution.
Empirical Model
The empirical evaluation of the net returns for the three fertilizer application methods requires estimating the efficiency gains and application costs for each method under alternative fertility distributions. The approach is outlined in figure 2. Each component of the model is explained in further detail in the subsections that follow. A hypothetical field is divided into a single strip of cells separated by the minimum distance at which variable rates can technically be applied. Soil fertility values are then randomly generated for each cell from a given fertility distribution as summarized by the mean, variance, and correlation coefficient. Cells are then grouped together on the basis of the minimum management unit size for each of the three application methods which increases from 1.5 m for the multiple-rate system to 100 m for the threerate VRT, and to the whole field for the constant rate application method. For each method, the optimal nitrogen application rate is determined and the subsequent yield gain is calculated. The efficiency gain (revenues less fertilizer cost) is then derived. The process is repeated to generate a yield distribution for each set of parameters. The mean value of the yield distribution is then used in the subsequent profitability analysis. Information and application costs are then deducted to determine the approach generating the highest returns for the given fertility distribution. The procedure for determining net returns for each application method is then repeated for another set of fertility parameters.
Application Methods
The three fertilizer application scenarios evaluated in this study involve the broadcast application of nitrogen fertilizer to corn fields. Constant rate technology (CRT) is the application of single rate over the entire field based on average fertility for that field. As mentioned previously, this conventional system is compared to two types of variable-rate application methods. The first method allows the farmer to select from three rates using a manually operated three-way switch. This type of variable-rate application does not require technology such as global positioning systems (GPS) to identify location. Instead, location in the field is subjectively assessed by the operator of the fertilizer applicator while driving the tractor with the aid of a fertility map developed through either grid soil sampling or yield monitoring. It is assumed the operator can switch among the three application rates at a minimum distance of 100 meters.
The second variable-rate application system allows for more than three rates and requires the fertilizer spreader to be coupled with GPS to pinpoint field location. There are several portable and rugged field navigation systems which integrate data collection, mapping, and variable-rate application with a built-in GPS. When coupled with a variablerate module on the spreader and a differential real-time correction source, these navigation systems are capable of changing fertilizer rates at a rate of two times per second. If a tractor on which the fertilizer spreader is pulled travels at a speed of 10 km/hr, the machine is thus capable of changing fertilizer rates every 1.5 m based on the average fertility in the 1.5 m length cell.
Efficiency Gains of Fertilizer Application
Revenues and fertilizer costs for each of the three application methods will vary depending on the probability distribution of soil fertility for the application area. Consequently, efficiency gains are calculated for alternative fertility distributions. It is assumed that the only soil quality factor is the amount of available N in the soil. .)
Soil
The soil test values at each of the 1,000 cells in the field are generated according to the AR(1) process in equation (1), the parameters of which are either given (ox) or can be calculated through equations (2) and (4) from the specification of the fertility distribution pa-
rameters (E[V(X)], var[V(X)], and a).
Average fertility. Once the fertility values for each cell in the field are generated, the next step is to calculate the average fertility within each management unit area for the three application methods examined (see figure 2) . Under the multiple-rate application system (VRT), the management unit consists of a single cell in the field. Average fertility in this system is the soil test value for that cell. The fertility value for the constant rate application method is the average of the 1,000 cells (sampling locations) comprising the field. One of three fertility categories was assigned to each 100 m size MU for the threerate method depending on average fertility of the cells in that MU: low (< 40 kg/ha), medium (40-90 kg/ha), and high (> 90 kg/ha).
Nitrogen rate. The optimal fertilizer rate for a management unit within each of the three application methods depends on the soil fertility level of the MU, yield response of corn to nitrogen fertilizer, and prices for both corn and nitrogen fertilizer. 
Information and Application Costs
The final step in the economic feasibility analysis of the three application methods under alternative fertility distributions is to deduct information and application costs from the efficiency gains calculated above. Information costs are associated with soil sampling, chemical analysis, and map making, whereas fertilizer application costs consist of equipment costs of placing the fertilizer in the field at constant or varying rates. The size of information and application costs are inversely (directly) related to the management unit size (degree of VRT technology). The comparison is standardized by assuming the producer does all sampling and purchases all equipment rather than having the work completed by a custom operator. Thus, the costs likely represent a maximum for most producers. Custom rental rates are also provided to serve as an upperbound comparison.
Results

Revenue
Revenue gains for the three fertilizer application methods under alternative fertility distributions are given in table 1. Revenue generated from fertilizer application increases significantly with decreases in average fertility. For example, with the CRT, revenue gains in fields with a CV of 50% and a correlation coefficient of 0.6 are approximately $309/ha when the mean fertility is 80 kg/ha. Revenue gains increase to $890/ha when mean fertility is 55 kg/ha, reflecting the benefits of enhancing soil fertility with nitrogen fertilizer. The relationship between the increased revenue from fertilizer application and average fertility is not linear, reflecting the diminishing marginal productivity for fertilizer embedded in the yield gain function. Revenue gains for each method are directly related to spatial variability when average fertility is medium to high but inversely related in low-fertility fields. In the case when average fertility is high (80 kg/ha), decreasing the coefficient of variation from 50% to 25% reduces the revenue gains associated with CRT from $309/ha to $159/ha. The increase is due to the greater potential for yield increases across location in the field with increases in the variability of fertility among those locations. The bounded nature of the yield response function results in the opposite effect when fertility is low. Increasing the CV of fertility in the field when the average fertility is low means more areas that require and consequently receive the maximum nitrogen rate and generate the maximum possible yield gain. While both the mean and variability of soil fertility values affected revenue gains to fertilizer application, the correlation coefficient had no effect. Revenue gains not only vary with changes in the distribution of fertility values for a given application method but alterations in the parameters of the distribution also changed the relative increases in revenue across methods. Revenue gains tend to be lowest for CRT in medium-to high-fertility fields. For example, revenue gains increase from 310 to 324 to 372 $/ha, respectively, when the technology advances from CRT to 3RT to VRT for the fertility distribution with a mean of 80 kg/ha, a CV of 50%, and a correlation coefficient of 0.6. Revenues are higher with the variablerate methods since those approaches can recognize that there are areas in the field requiring more fertilizer than applied under CRT, despite the high average fertility. In contrast, CRT generates higher revenues when the average fertility is low since it applies a larger amount of fertilizer to all areas than the variable-rate systems. For example, with the same CV (50%) and correlation coefficient (0.6), decreasing mean fertility to 30 kg/ha changes the revenue gains to $2,133/ha for CRT, $2,131/ha for 3RT, and $2,124/ha for VRT. The extent of the difference between CRT and variable-rate methods increases with spatial variability as expected for a given average fertility level. For example, in a highfertility field, the difference in revenue gain between CRT and VRT increased from approximately $2/ha ($141 -$139) for a CV of 10% to $63/ha ($372 -$309) with an increase in the CV to 50%.
Fertilizer Cost
Nitrogen fertilizer costs for the three different application methods are listed in table 1 for each fertility distribution. Fertilizer costs are inversely related to average soil fertility. For a given mean fertility, there are significant differences in the total cost of fertilizer be- tween application methods only when spatial variability is high. There are differences in the 3RT as compared to the other methods since the application rate is constrained to a set of three choices. Given a large variation in fertility values across the field, decreasing the MU size increases the amount (and cost) of fertilizer applied at a high average fertility. Increasing spatial variability in high-fertility fields increases the number of cells constrained to receiving no fertilizer but also the number of cells with fertility below the critical soil test value (115). VRT can identify these areas and therefore results in more fertilizer being applied than under the CRT scenario. The opposite occurs when mean fertility is low since VRT will apply less fertilizer to the increased number of cells with greater fertility than the low average. There is only little or no change in the amount of fertilizer applied across application methods for field distributions with low mean fertility. The average fertility of 30 N kg/ha is close to the minimum soil N test value which bounds the application rate at the maximum. Consequently, the rates are similar across the three methods in that situation. Decreases in spatial variability also decrease the impact of decreases in management unit size on fertilizer application.
Information Costs
Information costs in $/ha of applying fertilizer are summarized for a 50 ha field in table 2 for each application method. CRT requires less-intensive sampling and no mapping so information costs are relatively low. One sample per 10 hectares should be tested for nitrogen and each sample should be a composition of twenty subsamples (OMAFRA). With labor costs of collecting at $10/hr and approximately 15 minutes needed for a complete sample to be taken and packed (Low-enberg-DeBoer and Swinton), the cost of sampling for a 50 ha field with CRT is $12.50 [0.25 x ($10/hr) x (5 samples)]. The cost of lab analysis is $12/sample for the total of five samples. Intensive sampling or a high level of technology or both are necessary to obtain a map that differentiates fertility levels in the field. In the case of a 3RT system, where the operator can switch rates at almost every 100 m, the grid size of the fertility map will be 1 ha (100 m x 100 m). It is assumed that two subsamples are taken to form one complete sample for every hectare. Since the same number of subsamples is collected per hectare as in the CRT scenario, collection costs are the same. However, rather than analyzing a single average sample for every 10 ha and averaging the one composite sample, every hectare must be analyzed at a cost of $12/ sample. Thus, the analysis costs for a 50 ha field are $600 (50 samples X $12/sample). This fertility information at each 1 ha grid must then be translated into a fertility map using a procedure such as kriging with mapmaking software that can be purchased for $425 (Lowenberg-DeBoer and Swinton). The approximate $21/ha cost of an individual producer sampling, analyzing, and constructing the fertility map is slightly less than $25/ha charged by the private companies for this complete service. In all three methods, it is assumed that new information must be collected every three years.
The level of detail required for the soil fertility map increases with the possible number of application rates. Information on soil fertility can be obtained directly by grid soil sampling as used in the 3RT method, but these costs increase with decreases in grid size. For example, the cost of chemical analysis alone with 1.5 m2 grid sampling on a 50 ha field is approximately $453,000. A less expensive method applicable in the case of nitrogen is to monitor actual yield at harvest and compare it to neighboring locations, called "check strips," on which no nitrogen was applied. This delta yield method generates nitrogen recommendations by location based on this yield gain. The lost profit from not applying the optimal nitrogen rate on the check strips represents a variable information cost. The area of no fertilizer strips required for the delta yield method is 2% of the total area (Kachanoski). Thus, the opportunity cost ($/ha) of the check strips (OC) is where the P and W are the respective prices of corn and nitrogen per kg assumed to be the Ontario averages used previously and N is the average application rate. Yields will vary by field but the average yield (avg yield) is assumed to be 8,000 kg/ha (125 bu/ac) which is a typical average for southern Ontario while the no-nitrogen yield (check yield) is assumed to be half of the average (4,000 kg/ha). Average soil test is assumed at 72.5 kg/ha which is the mean of the lower (29.5) and upper bound (115) of soil fertility levels of the yield gain function. Applied nitrogen (N) for this soil test value calculated using equation (2) is 83 kg/ha. Thus, the opportunity cost of the check strip necessary to obtain the fertility map is $21.49/ha. Check yield is compared to actual yield obtained from a yield monitor on the combine. The equipment required to continuously record yield in every area of the field represents a fixed information cost. The yield monitor with GPS is assumed to cost $13,600 (AshTech). To sample at 1.5 m intervals requires a differential correction source which costs an additional $3,000 (Bruce Shillinglow, personal communication). The information technology equipment is assumed to have a useful life of five years based on the rapid rate of innovation for this technology.
Application Costs
Application costs associated with the three different fertilizer methods are also given in table 2. Variable application costs of fuel and labor assumes that 5 gallons of fuel ($2.38/ gallon) per hour are burned to spread fertilizer on an area of 12 hectares in one hour (OMAF-RA) and that the labor charge of fertilizer spreading is $10/hr. The fixed equipment cost of $8,000 for the fertilizer spreader is also the same for each method. The spreader is assumed to have a useful life of ten years.
The variable-rate equipment involves switching the track speed within the spreader from a wheel-driven one that can be changed only when stopped to one that can be adjusted through hydraulics while driving. The cost of doing so for a three-way system is approximately $1,500 (Kachanoski, personal communication). The multiple rate VRT method requires a GPS-linked control system that can The per hectare annualized information and application costs vary from $23 to $37 to $143 respectively as the application technology advances from CRT to 3RT to multiple-rate VRT (table 2) . However, these figures have been obtained for a 50 ha field. For multiple rate, a large portion of these costs are associated with the fixed costs of equipment such as yield monitor, GPS, and variable-rate applicator. Therefore, increasing field size allows these costs to be spread over a larger area and significantly decreases the information and application of VRT.
Net Benefits
Net gain or loss for each of the three fertilizer application methods representing the efficiency gains minus the cost of information and application are given in table 3 for three application areas. The low-average-fertility fields are excluded from the analysis since profitability is large for any method on these fields (see table 1) and there is subsequently little difference in relative returns between methods. Net returns are positive for CRT and 3RT for all fertility distributions and assumptions on cost determinants. Multiple-rate VRT suffers a net loss only on small fields with high average fertility and low variability. Although revenue gains less fertilizer cost are positive, they are insufficient to cover application costs in high-fertility fields that are relatively homogeneous. In larger application areas, the comparative advantages of VRT are enhanced because specific locations requiring more fertilizer can be identified and thus yield is increased.
Not only are net returns positive for CRT, they are generally greater than those obtained for either of the variable-rate systems for the distributions with medium average fertility. When the average fertility is 55 kg/ha, the CV is 50%, and the correlation coefficient is 0.6, net returns for CRT ($689/ha) are $30/ha greater than 3RT ($659/ha) and $105/ha greater than the VRT system ($584/ha) for a 50 ha application area. The absolute level of returns for all three systems increases as field area covered increases since fixed costs are spread over more hectares. For a 200 ha application area under the above fertility conditions, net returns are still highest for CRT but the difference as compared to the variable-rate systems is much smaller. The relative benefits of the multiple-rate method in particular increase with area since a larger portion of the costs with this system are associated with fixed equipment costs. CRT is also more profitable for areas with a fertility CV equal to 25% regardless of average fertility, except in the case of a larger application area of high fertility. Without the variation within the field, a Application area at which net returns for multiple-rate VRT is greater than constant rate method (CRT).
the benefits of breaking up the field into smaller MU's are not significantly greater than the costs except when spread over a large area. The multiple-rate system is preferred only for large application areas. While the relative net returns rankings indicating a preference for CRT over VRT were expected for more homogeneous fields, the unexpected high relative net returns with CRT for the variable fields with low average fertility are due to the large gains from applying even the average amount of fertilizer on such fields. The relative rankings of net returns change with application area as the costs of variablerate technology are allowed to be spread over a larger area. The break-even annual application areas for the three methods are listed in table 4. CRT and 3RT can be justified even for high-average-fertility fields at a very small scale (less than 10 ha) while the high technological costs involved with multiple VRT require larger application areas in order to break even. Application costs are covered by the revenue gains at areas much smaller than operated by most commercial farmers. Significant changes in the discount rate and years of life for equipment have a relatively minor effect on the break-even application area for the multiple-rate system only. The major factor determining the break-even areas are the characteristics of fertility distribution within the field and not the cost determinants. The application area at which the multiple-rate method becomes more profitable than CRT significantly increases with decreases in average fertility and variability. For example, assuming five years of life for equipment, a field with an average fertility of 80 kg/ha, and assuming a 5% discount rate suggests the threshold field size is 125 ha for a field distribution with 50% CV and 485 ha for a 25% CV.
Environmental Impacts
While there may be positive net farm benefits of variable-rate technology for certain individual farmers, a major off-farm advantage of precision technologies is the reduction in the level of polluting residuals. The improvement in environmental health associated with such technology may be sufficient to warrant the expenditure of public funds to encourage their adoption.1
The environmental impacts associated with variable-rate technology were determined using a nitrogen budget developed by Barry, Goorahoo, and Goss. The model assumes that all excess N will be lost by leaching to groundwater where the potential leaching loss is the difference between N inputs (seed, fertilizer, and atmospheric deposition) and N outputs which for a cash crop farm with crop residues remaining on the field is equal to the N removed in harvested crops. The excess N (mg L-') was calculated for each cell in a given field based on the application rate and yield gain for that cell as determined earlier.
Other assumptions necessary to determine N concentration in groundwater such as N concentration in crop dry matter are contained in Barry, Goorahoo, and Goss. The leaching losses associated with CRT and VRT systems under alternative field fertility distributions are listed in table 5. The absolute levels of excess N are highest under fields with high average fertility and high variability. While yield levels plateau given the nature of the assumed production response, N input levels, including both N rate and inherent N levels in the soil, increase with average fertility. Increases in variability also increase the number of cells with high N input levels which are not offset by yield increases which remove N. The opposite is true for fields with low average fertility. Yield gains, and thus N removal rates, are maximized in cells with fertility levels of N less than 29.5 kg per ha from the application of N at 167 kg per ha. Thus, N removal rates by the crop are high and total N input levels are relatively low for a number of cells with a low average and highvariability fertility distribution.
Under all fertility distributions, the VRT system results in significantly less excess N than the constant-rate application method. Average application rates and yield gains are higher under VRT than CRT in high-averagefertility fields as areas in the field requiring fertilizer can be identified (see table 1 ). The removal of N by the higher crop output levels more than offsets the higher average application rate resulting in a reduction in excess N. Groundwater quality is also improved with VRT in low-average-fertility fields but the response is due to the significant reduction in N inputs as yield levels are very similar between the two application methods. In the low-average-fertility fields, VRT allows cells in the field to be identified that do not require the maximum application rate. The environmental benefits of VRT decline with increases in average soil fertility as the marginal increases in the removal rates of N decline due to the diminishing marginal productivity of total N associated with the assumed fertilizer response function. These benefits increase with field fertility variability as VRT allows input levels to be targeted to the productivity of a cell in the field. In contrast, the number of cells in which N input levels associated with the single application rate of CRT are greater than the removal rates from yield gains, and thus excess N, will increase with spatial variability in fertility.
Summary
This article calculated net returns for three different application methods for nitrogen fertilizer on corn: constant rate, three-rate, and multiple-rate technologies. Fertilizer cost for alternative distributions and information and application costs with each method were determined and then deducted from the revenue gains to determine the net returns. Net returns are positive under each cost scenario for the constant rate and three-way application systems. The multiple-rate system also generated positive net returns at application areas much smaller than most commercial farms. However, a single constant was generally more profitable than either variable-rate system for fields with low-average fertility or low spatial variability. Net returns for the multiple-rate method eventually became larger than those for CRT as the application area over which the fixed costs could be spread became larger. The application area at which the relative profitability between the two systems changed was largely determined by the characteristics
